Using the anoxic Cariaco Basin as a natural laboratory, particle association of bacterial and archaeal taxa was assessed by iTag sequencing and qPCR gene assays of samples spanning an oxic-anoxiceuxinic gradient. A total of 10%-12% of all bacterial and archaeal cells were found in the particleassociated (PA) fraction, operationally defined as prokaryotes captured on 2.7 mm membranes. Both redox condition and size fraction segregated bacterial taxa. Archaeal taxa varied according to redox conditions, but were similar between size fractions. Taxa putatively associated with chemoautotrophic sulfur oxidation and nitrification dominated the freeliving (FL) fraction throughout the oxycline (< 1-120 mM O 2 ) and upper anoxic layer. Bacteria in the oxycline's PA fraction included taxa known to be aerobic and anaerobic chemoorganotrophs. At shallow anoxic depths, PA taxa were primarily affiliated with anaerobic sulfate (SO 2-4 )-reducing lineages. PA fractions in the most sulfidic samples were dominated by taxa affiliated with CH 4 oxidizing, fermenting and SO [2][3][4] reducing lineages. Prevalence of particleassociated SO 2-4 -reducing taxa and abundant sulfuroxidizing taxa in both size fractions across the oxicanoxic interface is consistent with the cryptic sulfur cycling concept. Bacterial assemblage diversity in the PA fraction always exceeded the FL fraction except in the most oxic samples, whereas Archaeal diversity was not consistently different between size fractions. Our results suggest that these particleassociated and free-living bacterial assemblages are functionally different and that the interplay between particle microhabitats and surrounding geochemical regimes is a strong selective force shaping microbial communities throughout the water column.
Introduction
The importance of particles in controlling distributions and activities of marine microbes has been known for decades. Early studies focusing on marine snow (particles > 500 mm in diameter) revealed that the identity, morphology and activity of microbes in particles differed from those in the free-living fraction of seawater (Caron et al., 1982; Azam and Smith, 1991; Delong et al., 1993) . Recently, by coupling size-fractionation and sequencing, the composition of microbial assemblages on microaggregates (1-500 mm) has been more thoroughly investigated. Consistently, particle-associated (PA) microbes in the surface ocean have been revealed to be members of taxa, such as the Bacteroidetes and Planctomycetes, while taxa such as SAR11 are typically enriched in the free-living (FL) fraction (Delong et al., 1993; Fuchsman et al., 2011; Zeigler Allen et al., 2012; Crespo et al., 2013; Smith et al., 2013; Fontanez et al., 2015; Rieck et al., 2015) . Furthermore, members of PA clades have been shown to be motile and capable of degrading high molecular weight organic compounds, suggesting that associations with particles is not by chance (Delong et al., 1993; Ganesh et al., 2014) .
Functional abilities of PA microbes inferred from molecular surveys also include reduction of SO [2] [3] [4] and NO -3 , suggesting that particles may harbor anoxic interiors that promote anaerobic metabolisms (Fuchsman et al., 2011; Smith et al., 2013) . Obligate anaerobic microorganisms, such as SO [2] [3] [4] reducers, have been shown to be active within organic particles in oxic sediment porewater (Jørgensen, 1977) . Similarly, oxygen-depleted interiors have been directly measured in macroaggregates and fecal pellets with microelectrodes (Alldredge and Cohen, 1987; Stief et al., 2016) . Moreover, in microaggregates, the amount of bioavailable carbon may limit respiratory demand and impede O 2 drawdown in the particle's interior (Ploug et al., 1997) . Whether anoxia persists long enough in an individual particle to select for anaerobic pathways is controlled by water turbulence, shear forces, Reynolds numbers, O 2 gradient strength and the size, shape, sinking speed, porosity and lability of the particle (Ploug et al., 1997) . In oxygen-depleted water columns, low-energy mixing regimes and weak O 2 concentration gradients favor development and persistence of anoxia within particles (Ploug et al., 1997; Kiørboe et al., 2001) . The result of this may be the broadening of potential habitats for anaerobes into suboxic and micro-oxic waters. If true, global models of sulfur and nitrogen cycling would require revisions to account for newly recognized distributions of anaerobic activities.
The Cariaco Basin's broad redox transition zone allows for sampling environments that reflect open ocean oxic waters, oxygen minimum zones (OMZs) at micro-oxic, suboxic and anoxic depths and sulfidic end-members at euxinic depths. Using this site as a natural laboratory, we test the hypothesis that PA Bacteria and Archaea assemblages are phylogenetically and functionally distinct from those in the FL fraction. By identifying PA microbes and their putative biogeochemical roles, our aim is to explain, in part, the geochemical imbalances between reductant and oxidant supplies and high rates of chemoautotrophy established by previous Cariaco Basin studies (Li et al., 2012) . Observed imbalances are consistent with the 'cryptic sulfur cycle' hypothesis proposed by Canfield and colleagues (2010) . In the Chilean OMZ, those authors observed microbial assemblages involved in SO 2-4 reduction and H 2 S oxidation in regions where H 2 S was undetectable, invoking close associations between SO 2-4 reducers (H 2 S producers) and sulfur oxidizers (H 2 S consumers). Based on geochemical profiles, Hastings and Emerson (1988) hypothesized that this phenomenon took place at the oxic-anoxic interface in the Cariaco Basin but direct evidence has been slow to emerge.
Results

Microbiological and geochemical profiles
Biogeochemical parameters are presented for two cruises during an upwelling period (cruise 'May-A' 5 7-9 May 2014 and 'May-B' 5 12 May 2014) and two during a nonupwelling period (5-7 November 2014 5 'Nov-A' and 10 November 2014 5 'Nov-B') in Table 1 and Supporting Information Figs S1 and S2. As has been previously observed in the Cariaco Basin 2003; Lin et al., 2007) , abundances of viral-like particles (VLPs), flagellated protists, prokaryotes and transmissometer beam attenuation (BAT) exhibited local maxima near the oxic-anoxic interface and rates of chemoautotrophy and heterotrophy were elevated in the region where O 2 disappeared and H 2 S began to accumulate. O 2 concentrations measured by Winkler titration generally agreed with CTDderived measurements except for one instance (10 mM O 2 at 240 m during Nov-B; Supporting Information Figs S1D and S2D). Measurements below the Winkler method's detection limit (2.7 mM) were considered anoxic.
Sampling depths during each cruise were adjusted to target six primary sampling depths: two depths in the shallow anoxic regime (BAT maximum and BAT1 20 m), three depths in the oxycline (adaptive to O 2 gradient) and one depth at 900 m in the euxinic zone, as indicated in Table 1 and Supporting Information Figs S1B and S2B. Bacterial 16S rRNA gene abundances from qPCR correlated well with total microbial abundances estimated microscopically (Supporting Information Figs S1 and S2, Pearson correlation r 5 0.83, p < 0.001), while archaeal gene abundances did not. On average, 10 6 2% of all bacterial and 12 6 5% of archaeal 16S rRNA genes were detected in the PA fraction (Supporting Information Figs S1C and S2C). Particleassociated 16S rRNA gene copies exceeded 10% only at O 2 concentrations below 20 mM (Supporting Information  Fig. S3 ). Particle association of bacterial and archaeal 16S rRNA genes typically was enhanced in the shallow anoxic layers, below the maximum in total microbial abundance (Supporting Information Figs S1 and S2). The fraction of 16S rRNA gene copies in the PA fraction did not correlate with total 16S rRNA gene copies or total microbial abundance estimated from microscopy, signifying that the amount of prokaryotic cells caught on the pre-filter was not an artifact of how many cells were being filtered.
Diversity and gradient analyses
After quality control, a total of 169,354 bacterial and 75,577 archaeal OTUs were retained for analyses. Shannon's diversity (H), which accounts for OTU richness and evenness, was calculated for every depth and size fraction and the average of biological duplicates is presented (Fig. 1 ). This diversity index was generally higher for bacteria than for archaea. For PA and FL bacteria, diversity was highest in the oxycline and lowest at shallow anoxic depths. At oxic depths, indices of diversity for the PA and FL fractions generally overlapped. In shallow anoxic and euxinic depths, bacterial diversity was always higher in the PA than FL fraction. Diversity of Archaea assemblages was not consistently different between PA and FL fractions but increased from shallow anoxic to euxinic depths.
Nonmetric dimensional scaling (nMDS) and analysis of similarity (ANOSIM) revealed that O 2 and H 2 S concentration gradients strongly corresponded to distributions of bacterial ( Fig. 2A) and archaeal ( Fig. 3A) OTUs in the ordination space. Bacterial assemblage compositions among redox regimes (oxycline, shallow anoxic and euxinic) were significantly different while sampling time (May vs. Nov) did not have a significant effect ( Fig. 2B and C) . Size fraction had a significant effect on bacterial taxonomic differentiation (Fig. 2D ). Phylogenetic composition of archaeal assemblages strongly segregated among redox regimes (Fig. 3C ), and weakly with sampling time (Fig. 3B ) and size fraction (Fig. 3D) . Goodness of fit statistics for remaining quantitative variables to the bacterial and archaeal ordinations and ANOSIM statistics for grouping variables were tabulated (Supporting Information Table S3 ) and are described in the Supporting Information.
Taxonomic composition of bacterial assemblages
Relative abundances of iTags from the top bacterial classes are presented in Fig. 4 and the top four most abundant classes on average (g-proteobacteria, Deferribacteres, d-proteobacteria and a-proteobacteria) are shown with greater taxonomic resolution in Fig. 5 . The g-proteobacteria class dominated bacterial inventories at all depths (Fig. 4) , but the most abundant families varied between oxycline, shallow anoxic and euxinic samples (Fig. 5) . Within the g-proteobacteria, the dominant family in both size fractions, particularly at shallow anoxic depths, was the Ectothiorhodospiraceae (Fig. 5 ). This family was largely comprised of one OTU, annotated in SILVA as an uncultured Thiorhodospira sp. This organism's closest relatives are known chemoautotrophic g-proteobacterial sulfide-oxidizers (GSOs) found in the Black and Baltic Seas (BS-GSO2, Lavik et al. 2009; Glaubitz et al. 2010; Fuchsman et al. 2011) and detected in Cariaco more than 15 years ago (Madrid et al., 2001) . Analysis of the proportional contributions of individual OTUs to the Bay-Curtis dissimilarity matrix suggested that assemblage distinctions among redox conditions were driven in part by OTUs in the g-proteobacteria. High relative abundances of Salinisphaeraceae, GSO477, SAR86, Pseudoalteromonadaceae and Alteromonadaceae OTUs in the oxycline and of OTUs from the BS-GSO2 and SUP05 clades in shallow anoxic depths contributed significantly to differences in assemblage compositions among redox conditions (Fig. 5) . Furthermore, the similarity percentages (SIMPER) breakdown procedure and odds ratios analyses were used to assess the particle preference of individual clades. The prevalence of several classes clearly differed between PA and FL assemblages (Supporting Information Figs S4, Fig. 6 and Supporting Information Table S4 ). SIMPER confirmed several abundant OTUs in the g-proteobacteria class (Ectothiorhodospiraceae, SUP05, Arctic96BD-19, GSO477, Salinisphaeraceae, SAR86 and Pseudoalteromonas bacterium 2D702) contributed significantly to the dissimilarity between the PA and FL bacterial assemblages.
The second and third most abundant classes overall were the Deferribacteres and the d-proteobacteria (Fig. 4) . Deferribacteres was composed mainly of Marine Group A (MG-A or SAR406), which was abundant at all depths, particularly in the FL fraction (Figs 4 and 5) . While MG-A is currently annotated as a member of Deferribacteres in the SILVA databases, it was recently identified as a member of a the candidate phylum Marinimicrobia (Rinke et al., 2013; Yilmaz et al., 2015) . Many members of the d-proteobacteria displayed higher relative abundances in the PA fraction, especially Desulfobacteraceae, Sh765-TzT-29, Bdellovibrionaceae, Desulfarculaceae, GR-WP33-58, Nannocystineae, Bacteriovoracaceae, Desulfobulbaceae, Sorangineae and Sva0485 (Figs 5 and 6). MG-B was the only clade of dproteobacteria that exhibited higher relative abundances in the FL fraction (Fig. 6) . The a-proteobacterial class exhibited the fourth highest overall abundance in the bacterial libraries (Fig. 4) . Representative families from this class included Rhodospirillaceae, Rhodobacteraceae and those within the SAR11 clade, which were all abundant in the oxycline (Fig. 5) . Likewise, OTUs from the Nitrospinae were particularly abundant in the oxycline. FL OTUs from the MG-A, MG-B, SAR11 and Nitrospinae clades and abundant PA taxa from the dproteobacteria class all contributed to differences in assemblage composition between size fractions according to SIMPER (Fig. 6 , Supporting Information Fig. S4 and Supporting Information Table S4 ). Samples in each panel are organized from left to right by depth, spanning from samples in the oxycline (O), shallow anoxic (A) and euxinic (E) depths. Dark grey bubbles are the average relative abundances in the PA fraction in the May-A and Nov-A cruises (first and third panels from the left, respectively). Light grey bubbles are the average relative abundances in the FL fractions in the May-A and Nov-A cruises (second and fourth panels from the left, respectively). Scale is shown on bottom.
Fig. 6.
Odds ratio for each of the families within the most abundant four bacterial classes. The odds ratio is the log 10 of the relative abundance of a clade in the PA fraction over the relative abundance in the FL fraction. Dark grey bubbles represent clades with a positive odds ratio, or higher relative abundance in the PA fraction. Light grey bubbles represent clades with a negative odds ratio, or higher relative abundance in the FL fraction. The left panel is the odds ratio for bacterial classes from May, and the right panel is the odds ratio for bacterial classes from November. Scale is shown in the right.
Signatures from the Planctomycetes/Verrucomicrobia/ Chlamydiae (PVC) superphylum were well represented in the bacterial library, including candidate divisions OP3, WS3 and Lentisphaerae (Fig. 4) . Members of the Verrucomicrobia, candidate division WS3, Lentisphaerae and heterotrophic Planctomycetes were highly particle associated (Supporting Information Fig. S4 ). In contrast, the chemoautotrophic family Brocadiales within the Planctomycetes phylum, which includes the genus Scalindua, was more highly represented in the FL fraction (not shown). SIMPER analyses revealed that OTUs from OM190, Phycisphaerae and the Arctic97B-4 marine group contributed significantly to differences in assemblage compositions between size fractions because of their high prevalence in the PA fraction. Furthermore, members of the Planctomycetacia, Verrucomicrobia, Arctic97B-4 marine group, OM190, candidate divisions WS3 and OP3, Phycisphaerae and Lentisphaeria contributed significantly to differences among redox conditions according to SIMPER.
Several classes of Bacteroidetes were also well represented in the bacterial amplicon library (Fig. 4) . FL OTUs from Cytophagia (genus Marinoscillum) and PA OTUs from the Sphingobacteriia and Flavobacteriia contributed significantly to differences in assemblage memberships between size fractions according to SIMPER. Furthermore, two clades of Spirochaetes, MSBL-8 and Spirochaetales, and one from Fibrobacteres (Fibrobacteria), which were very common in shallow anoxic and euxinic samples (Fig. 4) , contributed to differences in assemblage memberships among redox conditions and between size fractions due their higher relative abundance in the PA fraction (Supporting Information Fig. S4 ). For detailed descriptions of the less abundant bacterial groups, refer to the Supporting Information.
Taxonomic composition of archaeal assemblages
Archaeal amplicons from Marine Groups I (MG-I) and II (MG-II) were the most abundant among oxycline and shallow anoxic samples (Fig. 7) . Most MG-I OTUs were from uncultured clades while Nitrosopumilus sp. sequences made up < 1% of MG-I OTUs. Representatives from Marine Group III (MG-III) were also abundant at all depths but highest in shallow anoxic and euxinic samples. Remaining clades exhibited highest abundances in the euxinic samples (Fig. 7) , which also had the highest overall archaeal diversity (Fig. 1) . Euxinic samples were populated by members of the Miscellaneous Crenarchaeotic Group (MCG), several Thermosplamatales (VC2.1 Arc6, CCA47), Halobacteria, Terrestrial Hot Spring Crenarchaeota Group (THSCG), Marine Benthic Group (MBG) D, Deep-sea Hydrothermal Vent Euryarchaeota Group 1 (DHVEG-1), Terrestrial Group, MBG-B and Methanomicrobia. Most OTUs from the Methanomicrobia class were affiliated with the order Methanosarcinales rather than with ANME (anaerobic methanotrophic Archaea), which contributed < 1% of Methanomicrobia OTUs. Dissimilarity between oyxcline and shallow anoxic samples was driven by abundances of OTUs in MG-I, -II and -III and MCG-15 clades according to SIMPER analysis. Differences between the shallow anoxic and euxinic assemblages were driven by varying representation of OTUs in the MG-I, MCG-15, VC2.1 Arc6, MG-II, CCA47 and Halobacteria clades.
The odds ratio and SIMPER routine revealed that the VC2.1 Arc6 clade, THSCG, clade CCA47, MBG-D and Methanomicrobia were more highly represented in the PA fraction (Supporting Information Fig. S5 ). Weak but significant differences between the PA and FL fractions were evident from ANOSIM analyses (Supporting Information  Table S3 ). Membership differences between size fractions were driven mainly by abundant PA OTUs in the MG-I and VC2.1 Arc6 clades and OTUs in the MG-II clade, which were often more abundant in the FL fraction (Supporting Information Table S5 ).
Discussion
Microbial particle association through a redox gradient
Clear distinctions in phylogenetic assignments of bacteria between PA and FL assemblages were observed at all depths. Throughout the oxycline where O 2 concentrations ranged between < 2 and > 120 mM, size fraction was one of the most influential variables explaining bacterial taxonomic membership. Similar results were observed in the Black Sea (Fuchsman et al., 2012b) . In our study, bacterial assemblages were statistically distinct according to both size fraction and redox regime (Fig. 2) . The vertical position and width of the suboxic and anoxic zones in the Cariaco Basin vary temporally (Scranton et al., 2014) and were drastically different between the May and November sampling in this study. However, similar assemblages were present during both seasons. This suggests that seasonal differences in surface processes and vertical delivery to depth by sinking particles did not strongly influence the assemblage composition. Instead, geochemical conditions likely selected for assemblage composition independently in the PA and FL fractions in each depth layer. Distinct taxon selection by the geochemical seascape would also suggest that assemblages were responding to their local environment and were recently active at the time of sample collection. Thus, our results indicate that FL and PA microbial assemblages are comprised of a variety of distinct phylogenetic groups, which are poised to take advantage of a wide range of redox conditions. Most studies that have examined PA vs. FL microbes are from oxic marine or freshwater habitats. Few studies have attempted to describe PA microbial assemblages across a gradient and even fewer through a redox gradient. Higher bacterial diversity in the PA fraction in oxygendepleted layers is consistent with observations from the suboxic zone of the Black Sea (Fuchsman et al., 2011) and underscores that particles are unique habitats in low oxygen environments. Actually, higher bacterial OTU richness and diversity in particles has also been observed in open ocean environments, such as the deep Puerto Rico Trench (Eloe et al., 2011) , the Beaufort Sea in the Arctic (Ortega-Retuerta et al., 2013) , the Mediterranean Sea (Crespo et al., 2013) , the Helgoland and Northern Adriatic Seas (Bi zić-Ionescu et al., 2015) and the Baltic Sea (Rieck et al., 2015) , emphasizing the importance of particles in the ocean in general.
Recent molecular work has shown that particles with diameters > 30 mm (Fuchsman et al., 2011) , > 20 mm (Salazar et al., 2016) , > 8.0 mm (Milici et al., 2016) , > 3.0 mm (Orsi et al., 2015; Milici et al., 2016 ) > 1.6 mm (Ganesh et al., 2014; and even > 0.8 mm (Salazar et al., 2016) are consistently colonized by particular groups of microbes. The PA assemblage in our study (> 2.7 mm) was populated by chemoorganotrophic members of the gproteobacteria, d-proteobacteria, Verrucomicrobia, Bacteroidetes and Planctomycetes, all previously shown to be associated with small particles (Fuchsman et al., 2011; Ganesh et al., 2014; Milici, et al., 2016; Salazar et al., 2016) . Most members of these groups are implicated in both aerobic and anaerobic chemoorganotrophy, suggesting that taxa with varied organic carbon degradation metabolisms can co-exist in particles. One exception, the genus Scalindua in the Planctomycetes phylum, is a known marine chemoautotroph participating in anammox and was primarily observed in the FL fraction in this and previous studies (Fuchsman et al., 2012b; Ganesh et al., 2014; . Consistently, microbes from similar taxa and with similar functions have been shown to associate with particles across different ocean basins and the preference for microaagregates or for a FL lifestyle has been shown to be a phylogenetically conserved trait in many deep-water prokaryotes (Salazar et al., 2015) .
Members of the PA lineages in the Cariaco Basin also included putative SO 2-4 reducers and fermenters. SO [2] [3] [4] reduction was previously postulated to occur in the Chilean OMZ (Canfield et al., 2010) and in the Cariaco Basin's and Black Sea's suboxic waters (Hastings and Emerson, 1988; Fuchsman et al., 2012a) , and fermentation is known to occur in oxic and anoxic depths in the Cariaco Basin (Ho et al., 2004) . Many SO 2-4 reducers and fermenters are obligate anaerobes and are likely able to survive in the oxycline and suboxic depths due to sustained anoxia the particles' interior under these conditions. Some taxa in the PA fraction were from the family Bdellovibrionaceae, a predatory clade also found exclusively on particles in other locations (Salazar et al., 2015; Milici et al., 2016 ). An abundant OTU from Fibrobacteria (group 'P. palm C70') also showed strong preference for the PA fraction. This organism's closest relatives are associated with mucus from polychaetes and other biofilms (Alain et al., 2002; Sunagawa et al., 2009; Bik et al., 2016) . Behaviors, such as bacterial predation and a preference for biofilms, would necessitate those members to live in close associations with other microbes. Similarly, genes for other microbemicrobe interactions, such as antibiotic resistance and adhesion, have been shown to be abundant among PA microbial populations previously (Ganesh et al., 2014) .
The clades associated with the FL fraction at most depths included most of the GSOs, MG-A, Nitrospinae, MG-B and SAR202. These clades have putative roles in chemoautotrophic nitrogen and sulfur cycling (discussed below). Preference for the FL fraction has also been shown previously for the chemoorganotrophic clade, SAR 11 in particular (Delong et al., 1993; Smith et al., 2013) .
In contrast to bacteria, archaeal assemblages exhibited only a weak but significant preference for particular size fractions. This was also observed for Archaea at depth in the Puerto Rico Trench (Eloe et al., 2011) . Less work has been done on the ecophysiology of Archaea compared to bacteria, however possible explanations can be proposed from what is known about certain bacterial taxa. For example, different SAR11 ecotypes were identified that vary in abundance according to seasonal gradients in environmental parameters (Carlson et al., 2009) . Similarly, Prochlorococcus ecotypes are spatially partitioned according to gradients in temperature, light and nutrient gradients but they cannot be distinguished by their 16S rRNA genes (> 97% sequence identity; Johnson et al., 2006) . At least two ecotypes exist within the Thaumarchaeal nitrifying clade whose identity can be distinguished by their ammonia monooxygenase gene (amoA) sequence (Francis et al., 2005) . These two ecotypes exhibit different niche preferences and unique functional roles in the ocean (Santoro et al., 2017) . Further research is required to identify whether 16S rRNA phylogeny is sufficient to describe the ecophysiology of the other Archaea identified in our study and, thus, may explain why differentiation among clades between size fractions is not evident. Functional gene studies will also further elucidate this issue. Similar explanations can be applied to bacterial clades, such as MG-A (SAR406), which exhibited no major differences in relative abundance with depth despite the pronounced changes in geochemistry.
Sulfur cycling assemblages
In this study, BS-GSO2 and SUP05 were the two dominant GSO clades and were most highly represented in shallow anoxic samples. BS-GSO2 belongs to the family Ectothiorhodospiraceae, members of which are known to store extracellular elemental sulfur (Imhoff, 1984) , consistent with observed correlations with particulate sulfur (Supporting Information; Li et al., 2011) . Despite the absence of measurable H 2 S in the oxycline, abundant signatures of three GSO clades (GSO477, Arctic96BD-19 and Oceanospirillaceae) were detected, consistent with observed particulate sulfur, a product of H 2 S oxidation. GSOs are dominant taxa in other oxygen-depleted environments, such as the Black Sea (Fuchsman et al., 2011) , Baltic Sea (Glaubitz et al., 2013) , shelf water on the Namibian coast (Lavik et al., 2009) , Saanich Inlet (Walsh et al., 2009 ) and the Pacific Ocean OMZs (Stewart et al., 2012) have previously been identified in the Cariaco Basin (Madrid et al., 2001; Rodriguez-Mora et al., 2015) . Other likely chemoautotrophic sulfur oxidizers were present, including the dproteobacteria MG-B (also known as SAR324). MG-B is increasingly recognized as an important component of oxygen-depleted marine water column assemblages and has been shown to contain pathways for sulfur oxidation, carbon fixation, hydrocarbon utilization and chemoorganotrophy (Swan et al., 2011; Haroon et al., 2016) . OTUs from the Arctic97B-4 and SAR202 clades were also abundant at shallow anoxic depths. These clades have unclear functions but frequently share similar depth distributions with GSOs and other chemoautotrophs, suggesting a similar functional role (Yilmaz et al., 2015) . The abundant Thermosplasmatales VC2.1 Arc6 and Halobacteria clades were originally described in hydrothermal vent systems where they likely oxidize hydrogen and sulfur (Reysenbach et al., 2000; Fillol et al., 2015) . However, precise metabolic functions are unconfirmed because they have not been successfully cultured. Other sulfur cycling candidates at these depths include members of the Spirochaete MSBL-8 clade, which have been identified in deep-sea hypersaline anoxic basins of the Mediterranean Sea (Pachiadaki et al., 2014) , and candidate division OP3, which have appeared in libraries from sulfidic depths in the Black Sea (Fuchsman et al., 2012a) . Little is known about these clades.
Amplicons from the MG-A clade were highly abundant in all FL fraction samples, particularly at anoxic and euxinic depths. MG-A members figure prominently in a variety of marine anoxic systems (Fuchsman et al., 2011; Wright et al., 2014) and were previously reported from the Cariaco Basin (Rodriguez-Mora et al., 2015). In the Black Sea, MG-A was implicated in manganese cycling (Fuchsman et al., 2011) , where it was found mainly in their PA (> 30 mm) fraction. In the ETNP, where MG-A was found mainly in the FL fraction, the group was implicated in sulfur cycling (Ganesh et al., 2015) . MG-A metabolic capabilities remain unclear since cultivated representatives are not available (Wright et al., 2014) .
Several SO 2-4 reducers from the d-proteobacteria class were highly particle-associated and abundant at shallow anoxic and euxinic depths. All known Desulfobacteraceae and Desulfarculaceae are anaerobic chemoorganotrophs that reduce SO 2-4 (Kuever et al., 2007) . While many Desulfobulbaceae are also SO 2-
-reducers, some members
Particle-associated microbes in a redox gradient 703 disproportionate sulfur intermediates or oxidize reduced sulfur (Lovley and Phillips, 1994) . d-Proteobacterial sulfate reducers have previously been identified in the Cariaco Basin but were absent or in very low abundance at shallow anoxic depths near the interface (Madrid et al., 2001; Lin et al., 2006; Rodriguez-Mora et al., 2013; . Similarly, previous incubation and inhibition experiments indicated that sulfate reduction was not a major organic matter oxidation pathway at shallow anoxic depths in the Cariaco Basin (Ho et al., 2004) . Typical oceanographic sampling protocols can introduce artifacts by selecting against PA microbial assemblages, particularly SO 2-4 reducers . This issue was likely overcome in our study by the partitioning of size fractions before nucleic acid extraction.
In contrast, the chemoautotrophic sulfur-oxidizing functional groups were highly abundant at only shallow anoxic depths. GSOs contributed significantly to both the PA and FL assemblages, probably taking advantage of sulfide from particles when available but also of diffusion of sulfide from deeper euxinic waters. However, reductant flux from below is not sufficient to explain observed rates of chemoautotrophy (Tuttle and Jannasch, 1979; Taylor et al., 2001; Li et al., 2012) . Rapid exchange between PA and FL assemblages has been observed previously and hypothesized to be the reason for some consistency in OTUs between PA and FL assemblages (Hollibaugh et al., 2000; Ghiglione et al., 2007) . Furthermore, while some autotrophic groups, such as anammox bacteria, have been shown to be exclusively FL, their activity depends on the presence of particles, indicating that they may rely on flux of substrates from particles while in their FL habitat (Ganesh et al., 2015) .
Nitrogen-cycling assemblages
Members of the Nitrospinae, which are nitrite-oxidizing bacteria (NOB), were relatively abundant in the oxycline. Nitrospinae sequences were previously identified in the Cariaco Basin using DGGE and pyrosequencing (Rodriguez- Mora et al., 2013; . The Nitrospirae were less abundant in these samples and sequences obtained reflect a diverse class of NOB that demonstrate metabolic flexibility, possibly explaining their relatively homogeneous depth distribution compared to Nitrospinae (Koch et al., 2015) . Members of the MG-I clade were also abundant in the oxycline and share a high level of identity with known ammonia-oxidizing archaea (AOA). Cells hybridizing to Cren679, which hybridizes against the thaumarchaeal GD2 cluster within MG-I , have previously been identified using FISH in the Cariaco Basin (Cernadas-Martín et al., 2017). The archaeal MG-III clade was also highly represented in shallow anoxic samples, where archaeal taxa distributions were strongly associated with dissolved nitrogen species. This group appeared in a previous OMZ study, secondary in abundance to MG-I and II (Belmar et al., 2011) . Fosmid libraries have shown that MG-III members contain genetic elements for ammonia oxidation, but more information is necessary to determine their exact metabolic role (Martin-Cuadrado et al., 2008) .
Putative denitrifiers in the oxycline included members of the Rhodospirillaceae and Rhodobacteraceae as well as members of the abundant d-proteobacterial clade Sh765B-TzT-29, which was recently shown to have genes for NO -3 reduction (Hug et al., 2016) . Members of SAR11, which were also abundant in the oxycline, contain pathways for NO -3 reduction to NO -2 (Tsementzi et al., 2016) . In addition, some chemoautotrophic sulfur oxidizers, such as SUP05, have been shown to have genes for NO -3 reduction (Walsh et al., 2009 ) and were shown to produce N 2 O in culture but were not capable of producing N 2 (Shah et al., 2017) . In general, the ability to denitrify is polyphyletic and, thus, marine denitrifiers are difficult to identify by 16S rRNA phylogeny (Kraft et al., 2011) .
AOA and NOB from the MG-I and Nitrospinae clades, respectively, have been detected together in oxygendepleted water columns previously and have been shown to be active at O 2 concentrations as low as 5-6 nM O 2 (Bristow et al., 2016) , concentrations well below the detection limit of the O 2 sensor used in the present study. The low O 2 adaptation of these abundant aerobes helps explain their consistent presence across the Cariaco Basin's wide oxycline. Furthermore, 50% of inhibition for denitrification occurs above 200 nM O 2 (Dalsgaard et al., 2014) , but N 2 production by denitrification has been demonstrated at O 2 concentrations as high as 25 mM in the environment (Kalvelage et al., 2011) and 100 mM in incubation studies (Stief et al., 2016) . This inconsistency in O 2 response has been attributed to proliferation of denitrifiers in the anoxic interiors of particles (Ganesh et al., 2015; Stief et al., 2016) . Thus, nitrification and denitrification likely occur at overlapping depths in the Cariaco Basin, partitioned among particle microhabitats and surrounding waters.
Methane-cycling assemblages
The Cariaco Basin water column has high CH 4 concentrations at depth (10-20 mM), originating primarily from sediment diagenesis and seafloor seeps (Scranton, 1988; Kessler et al., 2005) . Little CH 4 reaches surface waters, because much is biologically oxidized near the oxic-anoxic interface (Scranton, 1988) or anaerobically at depth (Kessler et al., 2006) . During both cruises, CH 4 penetrated into shallower waters than did H 2 S and micromolar concentrations of CH 4 overlapped with micromolar concentrations of O 2 (Supporting Information Figs S1 and S2) , indicating the possibility of aerobic CH 4 oxidation. The d-proteobacterial group MG-B, which was best represented in the FL fraction in oxycline and shallow anoxic depths, has genes for C 1 metabolism and is likely adapted to oxic or low-oxygen conditions (Sheik et al., 2014) .
Groups that can be linked to anaerobic oxidation of methane (AOM) were found at shallow anoxic and euxinic depths. Actually, deep euxinic samples exhibited the widest diversity of archaeal signatures. While the MG-I, -II and -III clades were abundant at these depths, the Miscellaneous Crenarchaeal Groups (MCG) and specifically MCG-15 (formerly C3) were also highly represented. MCG-15 sequences were previously identified from similar depths in the Cariaco Basin using eukaryotic primers (Jeon et al., 2008) . This deeply branching group of Thaumarchaeota has also been identified in marine CH 4 hydrate sediments (Ulloa et al., 2013) . Recently, a global-scale study of MCG diversity showed that this clade co-varies with depth of SO [2] [3] [4] penetration into marine sediments (Kubo et al., 2012) and members were active in organic-rich euxinic sediments of karstic lakes (Fillol et al., 2015) , suggesting a role in sulfur cycling as well. Methanosarcinales (in the Methanomicrobia class), which were abundant in our euxinic samples, are also likely involved in methane cycling. Different clades within this order can participate in both methanogenesis and AOM (Hinrichs et al., 1999) . At euxinic depths in the Cariaco Basin, the co-existence of a wide diversity of SO 2-4 -reducing d-proteobacteria and anaerobic methane-oxidizing Archaea is consistent with communities from similar habitats, such as sedimentary hydrothermal systems (Knittel and Boetius, 2009 ) and karstic lakes (Schubert et al., 2011) (Ettwig et al., 2016) . The high proportions of similar OTUs from the Methanosarcinales and SO 2-4 -reducing d-proteobacteria clades in the PA fraction at euxinic depths suggest that this cooperative process is also occurring in the Cariaco Basin water column.
Fermentative assemblages
Fermentation is also another likely pathway for organic matter degradation in the Cariaco Basin. Accumulation of dissolved acetate, an intermediate in fermentation, has been detected at depths near and below the oxic-anoxic interface (Ho et al., 2002) and a hydrogen (H 2 ) maximum has been observed just below the anoxic interface, consistent with fermentation (Scranton et al., 1984) . Many clades associated with fermentation exhibited their highest relative abundances at euxinic depths. One example, the Phycisphaerae (Planctomycetes), have also been found in the Black Sea suboxic zone primarily present on aggregates, similar to our study (Fuchsman et al., 2011) . Genomic evidence from members of the candidate division, Hyd24-12, which were abundant in shallow anoxic and euxinic samples, also showed that they have fermentation pathways (Kirkegaard et al., 2016) . Several uncultured clades within the Chloroflexi (vadinBA26, GIF3, Sh765B-AG and FW22) were present at euxinic depths in the present study. Cultured members of the Chloroflexi are obligate anaerobes with fermentative capabilities and cannot utilize sulfur species (Yamada et al., 2006) . Other fermentative lineages found at these depths included Clostridia and Spirochaetales.
Conclusions
In the Cariaco Basin, where gradients in oxygen and sulfide are large in magnitude, bacterial and archaeal taxa were clearly segregated between the oxycline, anoxic and euxinic depths, illustrating the strong control of microbial distributions exerted by redox conditions. Furthermore, bacterial taxa were strongly segregated between the FL and PA size fractions at all depths, while archaeal taxa in both size fractions were not as distinguishable. Dominant taxa were similar across the wide oxycline and included many aerobic and anaerobic chemoorganotrophs in the PA fraction and chemoautotrophic taxa in the FL fraction. At anoxic depths, chemoautotrophs were abundant in the FL fraction as well, while anaerobic chemoorganotrophs, particularly SO 2-4 reducers, dominated the PA fraction. At euxinic depths, microbes associated with CH 4 oxidation, fermentation and SO 2-4 reduction were common. Chemical exchange between the PA and FL assemblages seems plausible because chemoautotrophy must be sustained by a supply of oxidants and reductants (byproducts of chemoorganotrophy), which can be partially supplied from particles. Bacterial PA assemblages were statistically unique among the different redox conditions, indicating that the composition of these assemblages is not merely a legacy of particles being formed and colonized in surface waters and then sinking to the basin's interior. In other words, colonized particles that sink from the oxycline into anoxic and euxinic waters have distinct phylogenetic microbial signatures, indicating that broader geochemical conditions select for unique communities in the particles within the different redox layers in this environment.
Experimental procedures
Sample collection
Samples were collected aboard the R/V Hermano Gin es at the CARIACO Ocean Time-Series station off the northern coast of Venezuela. This region is subject to intense coastal upwelling and enhanced productivity from December through May and supports relatively low productivity for the remainder of the annual cycle (Richards, 1975) . The Time-Series station (10.58N, 64.78W) is located in a 1380 m deep basin physically isolated from horizontal mixing with oxygenated deep Caribbean Sea water by a 90-120 m shallow sill. Below 100-200 m, O 2 concentrations decline and below 250-350 m, conditions are anoxic. Sulfide accumulates below this transition zone, reaching maximum concentrations of > 70 mM near the basin bottom . The oxic-anoxic transition zone, also called the redoxcline in previous studies, is characterized by high microbial biomass, including prokaryotes, eukaryotes and viruses 2003; Lin et al., 2007) .
DNA samples were collected during the upwelling period on 7-9 May 2014 (cruise May-A) and nonupwelling period on 5-7 November 2014 (cruise Nov-A). Samples for microscopy, rate measurements and geochemical measurements were collected at the same station on 12 May 2014 (cruise May-B) and 10 November 2014 (cruise Nov-B). Mid-water maxima in the beam attenuation (BAT) profile in the region near oxygen disappearance (between 250 and 350 m) have proven to be reliable proxies for maxima in bacterial abundances ). This particle-enriched layer results from in situ chemical and biological processes, as there is little physical mixing below 200 m and density is constant to within 0.200 kg m 23 from 200 m to the bottom . DNA samples for iTag libraries were collected at the BAT maxima and at five other depths defined relative to the BAT maxima with the intent to capture samples through the oxycline, shallow anoxic and deep euxinic zones. Samples for qPCR were collected at additional depths to provide higher resolution profiles of 16S rRNA gene abundances.
Analytical methods
During each cruise, temperature, salinity, dissolved O 2 concentration and BAT were measured in real time by a rosettemounted CTD, a SeaBird Electronics SBE43 oxygen sensor and WETlab C-Star transmissometer. BAT and O 2 profiles were similar between the samplings from the same month, and thus, environmental parameters measured in samples taken during May-B and Nov-B cruises were used as explanatory variables in statistical analyses of the taxonomic libraries, collected during May-A and Nov-A. In order to match complementary samples obtained a few days apart, iTag samples were paired with physico-chemical measurements based on equivalent O 2 concentrations, BAT and density profiles.
Protocols for collection and analysis of all biogeochemical and physical parameters (O 2 , temperature, salinity, BAT, H 2 S and nutrients) have been thoroughly described elsewhere (Scranton, 1988; Taylor et al., 2001; Li et al., 2008; Astor et al., 2011) and are consistent with the CARIACO Ocean Time Series program (Astor et al., 2011 ; available at http:// www.imars.usf.edu/cariaco). Depths, O 2 concentrations from the SBE43 sensor and NO -3 and H 2 S concentrations for each cruise are listed in Table 1 . CTD-derived O 2 concentrations from all cruises were corrected for offsets by comparing sensor-derived and Winkler-derived measurements of O 2 collected during May-B and Nov-B (Astor et al., 2011) . The limit of detection for this method is 2.7 mM O 2 and for the spectrophotometric Cline's method for H 2 S is 0.6 mM (Astor et al., 2011) . Thus, the possibility that some samples in shallow anoxic zone or lower oxycline contained nanomolar concentrations of O 2 or H 2 S cannot be excluded. Continuous flow analysis (CFA) for nutrients has detection limits of 0.1 mM for NH . Total abundances of prokaryotes, flagellated protists and viruses were determined by epifluorescence microscopy according to Hobbie and colleagues (1977) , Lin and colleagues (2007) and Noble and Fuhrman (1998) , respectively. Rates of dark inorganic carbon assimilation, a proxy for chemoautotrophy, were measured by incorporation of 14 C-bicarbonate according to Tuttle and Jannasch (1979) and Taylor and colleagues (2001) . Estimates of heterotrophic production were made by incorporation of 3 Hleucine into protein according to Kirchman (1993) . Concentrations of CH 4 and particulate sulfur and total zero-valent sulfur (TZVS) were made according to Scranton (1988) and Li and colleagues (2008) .
Collection and extraction of nucleic acids
Samples for DNA were collected at 10-12 depths from standard rosette-mounted Niskin bottles. Niskin bottles were slightly pressurized with N 2 or argon gas from the top vent to prevent O 2 contamination during sample transfer . A total of 8 or 12 L samples were filtered directly from Niskin bottles sequentially through a 2.7 mm hydrophilic glass fiber filter (EMD Millipore, Burlington, MA) and then 0.2 mm inline MilliporeV R Sterivex TM filter units (EMD Millipore, Burlington, MA) for the PA and FL fractions, respectively. Some 'cross-talk' between filters may occur when FL cells become captured on the 2.7 mm filter as pores clog or when larger cells lyse and cell debris passes through to the 0.22 mm filter. Filters were immediately treated with lysis buffer (50 mM Tris-HCL, 40 mM EDTA, 0.73 M sucrose) and stored frozen. DNA samples were extracted according to Frias-Lopez and colleagues (2008) and Ganesh and colleagues (2014) . DNA was purified with the Genomic DNA Clean and Concentrator-25 kit (Zymo Research, Irvine, CA), eluted into 10 mM Tris for qPCR samples or into TE buffer for sequencing samples and stored at 2808C for downstream analyses.
Quantitative PCR
Quantities of bacterial and archaeal 16S rRNA genes (rDNA) were assessed using quantitative (qPCR). PCR reactions were optimized using the Failsafe Premix kit (Epicentre Biotechnologies) by varying primer, SYBR Green and DNA concentrations and annealing temperatures. Universal primers for bacterial and archaeal 16S rDNA were used (Supporting Information Table S1 ). Standards for the bacterial assay were prepared using genomic DNA from E. coli and for the archaeal assay using a plasmid with the 16S rDNA from a marine crenarchaeal isolate (accession # HQ338108, courtesy of A. Santoro). The plasmid was linearized with the restriction enzyme, ScaI, and purified with a Purelink Quick Plasmid Miniprep Kit (Life Technologies, Carlsbad, CA). DNA and plasmid concentrations were measured using a Quant-iT Picogreen dsDNA assay (Invitrogen, Carlsbad, CA) and serially diluted 1:10 fresh into PCR-grade water to generate a standard curve. Quality control of each assay was assessed by visualization of a single PCR product on a gel and a single melting curve peak. All standard curves had an r 2 value greater than 0.98. Samples were run in triplicate on an Mx3000P and data were collected with the MxPro QPCR software (Agilent Technologies, Santa Clara, CA). Bacterial 16S rDNA copy numbers correlated well with total cell counts based on microscopy (r 5 0.86, p < 0.001, n 5 50), suggesting that DNA extraction and PCR reactions were efficient.
iTag libraries
Duplicate DNA samples were PCR-amplified with bacteriaand archaea-specific primers. Briefly, four replicate PCR reactions were run for each sample using the Phusion HighFidelity DNA Polymerase and 53 buffer (Thermo Scientific). PCR primers and conditions are listed in Supporting Information Table S2 . Replicate PCR products were combined and purified with the Agencourt AMPure XP kit (Beckman Coulter). Amplicons were sequenced at the Georgia Genomics Facility on an Illumina MiSeq PE300. R1 and R2 reads were quality controlled using Trim Galore! version 0.3.71 (Krueger F. Trim Galore! [http://www.bioinformatics.babraham.ac.uk/projects/ trim_galore/]) and merged using FLASH (Magoc and Salzberg, 2011) . Sequences were clustered into operational taxonomic units (OTUs) at the 97% similarity level using uclust (Edgar, 2010) in the QIIME pipeline (Caporaso et al., 2010) . Taxonomic assignment of each OTU was performed with BLASTN (Altschul et al., 1990) against the Silva SSU 111 database (Quast et al., 2012) . The sequences were deposited in NCBI under BioProject ID PRJNA326482 (accession numbers SRX1887279-SRX1887324 for Archaea and SRX1890724-SRX1890775 for bacteria).
Statistical analyses
OTU abundance data were quality controlled by removing singletons and non-targeted OTUs from each set (e.g., archaea, eukarya and chloroplasts were removed from the bacteria dataset) and entire samples with low sequencing success. Relative abundances of individual OTUs from duplicate samples were then averaged and plotted as bubble plots in Matlab. To assess the preference of particular OTUs and clades for the PA or FL size fraction, the odds ratio was calculated for specific clades according to Ganesh and colleagues (2014) , where odds ratio5log 10 ðrelative abundance in PA fraction=relative abundance in FL fractionÞ
All statistical and multivariate analyses were performed in R (version 3.2.1; Oksanen et al., 2015) with the Vegan package, version 2.3-2. A Bray-Curtis dissimilarity matrix was calculated on Hellinger-transformed abundance tables (Legendre and Gallagher, 2001 ) using the vegdist function. An ANOSIM between groups was performed using the dissimilarity matrices as input to assess if a priori assigned groups were significantly different. Groups included OTUs by sampling date (May vs. November 2014), size fraction (PA or FL) and redox regime (oxycline, shallow anoxic or euxinic). The SIM-PER (Clarke, 1993) was used to identify individual OTUs that accounted for dissimilarities between groups. nMDS was chosen for analyses of OTU distributions (Buttigieg and Ramette, 2014 , only one was chosen for simplification of analyses. Environmental metadata were normalized by subtracting the mean and then dividing by the standard deviation. The goodness of fit statistics (r 2 and pvalue) of environmental metadata fitted to the nMDS axes after 10,000 permutations was assessed using the function envfit. Ordinations and goodness of fit statistics were indexed for the oxycline, shallow anoxic and euxinic assemblages separately to reveal additional patterns within those subsets. For each sample, Shannon's diversity index (H) was evaluated
where p i is relative abundance of species i. Indices of replicate samples were averaged. Diversity was calculated in R with the diversity function. Scripts for multivariate analyses and relative abundance bubble plots are available at https://github.com/lizsuter/Cariaco-iTags.
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site. Table S1 . Primers and PCR conditions for 16S rDNA qPCR assays from total bacteria and archaea. Table S2 . Primers and PCR conditions for iTag libraries for bacteria and archaea. Table S3 . Goodness of fit (r 2 ) statistics for all environmental variables to respective nMDS ordination plots and ANO-SIM statistics for a priori assigned groups of samples. For each domain, environmental variables were fit to the full dataset from all depths and then to separate ordinations of the oxycline, shallow anoxic and euxinic (redox regimes) samples. ns 5 not significant. Environmental vectors could not be fit to the euxinic samples because they are from a single depth with the same environmental parameters. Similarly, the effect of redox regime for samples within the same redox regime was not assessed. For simplicity, co-varying environmental metadata were excluded. Therefore, salinity, total zero valent sulfur, CH 4 and PO 3-4 should have similar relationships to the nMDS ordination plots as temperature, particulate sulfur, H 2 S and NH 1 4 , respectively. Table S4 . Similarity percentage (SIMPER) results for bacteria. Results were calculated with the SIMPER function in R using the package Vegan. Values are the cumulative contribution of pairwaise comparisons between groups to the average overall Bray-Curtis dissimilarity. The cumulative contribution and corresponding OTUs are ranked by total contribution, and only OTUs contributing up to 5% of the dissimilarity are shown. Table S5 . Similarity percentage (SIMPER) results for archaea. Results were calculated with the SIMPER function in R using the package Vegan. Values are the cumulative contribution of pairwaise comparisons between groups to the average overall Bray-Curtis dissimilarity. The cumulative contribution and corresponding OTUs are ranked by total contribution, and only OTUs contributing up to 5% of the dissimilarity are shown. C-DIC assimilation (green diamonds) and heterotrophic production based on 3 H-leucine incorporation (orange diamonds). Fig. S3 . Relationship between O 2 concentration and the PA fraction of bacterial 16S rRNA genes (16S rDNA). The dashed line indicates where 10% of the 16S rRNA gene inventory is particle-associated. Fig. S4 . Odds ratio for each of the bacterial classes detected in iTag analyses. The odds ratio is the log 10 of the relative abundance of a clade in the PA fraction over the relative abundance in the FL fraction. Dark grey bubbles represent clades with a positive odds ratio, or higher relative abundance in the PA fraction. Light grey bubbles represent clades with a negative odds ratio, or higher relative abundance in the FL fraction. The left panel is the odds ratio for bacterial classes from May-A cruise and the right panel is the odds ratio for bacterial classes from Nov-B cruise. Scale is shown in the right. Fig. S5 . Odds ratio for classes of Archaea with > 1% average relative abundance in at least one sample. The odds ratio is the log 10 of the relative abundance of a clade in the PA fraction over the relative abundance in the FL fraction. Dark grey bubbles represent clades with a positive odds ratio, or higher relative abundance in the PA fraction. Light grey bubbles represent clades with a negative odds ratio, or higher relative abundance in the FL fraction. The left panel is the odds ratio for archaeal classes from May and the right panel is the odds ratio for archaeal classes from November. Scale is shown on the right. ND 5 no data, MCG 5 Miscellaneous Crenarchaeotic Group, MBG 5 Marine Benthic Group, MG 5 Marine Group, THSCG 5 Terrestrial Hot Spring Crenarchaeotic Group.
